Chemical reactions at ultracold temperatures are expected to be dominated by quantum mechanical effects. Although progress towards ultracold chemistry has been made through atomic photoassociation 1 , Feshbach resonances 2 and bimolecular collisions 3 , these approaches have been limited by imperfect quantum state selectivity. In particular, attaining complete control of the ground or excited continuum quantum states has remained a challenge. Here we achieve this control using photodissociation, an approach that encodes a wealth of information in the angular distribution of outgoing fragments. By photodissociating ultracold 88 Sr 2 molecules with full control of the low-energy continuum, we access the quantum regime of ultracold chemistry, observing resonant and nonresonant barrier tunnelling, matter-wave interference of reaction products and forbidden reaction pathways. Our results illustrate the failure of the traditional quasiclassical model of photodissociation 4-7 and instead are accurately described by a quantum mechanical model 8,9 . The experimental ability to produce well-defined quantum continuum states at low energies will enable high-precision studies of long-range molecular potentials for which accurate quantum chemistry models are unavailable, and may serve as a source of entangled states and coherent matter waves for a wide range of experiments in quantum optics 10,11 . To obtain full control over the initial (molecular) and final (continuum) quantum states, we photodissociate diatomic strontium molecules ( 88 Sr 2 ) that are optically trapped at a temperature of ∼5 μK (ref. 12). These molecules are produced by photoassociating laser-cooled Sr atoms in a far-off-resonant one-dimensional (1D) optical lattice with a depth of up to 50 μK. The Sr atoms are divalent and do not form covalent chemical bonds. However, the ground-state Sr 2 dissociation energy is larger than in typical van der Waals complexes and similar to hydrogen bonded systems such as the water dimer. The 88 Sr 2 molecules that we produce are either weakly bound near the ground state thres hold ( 1 S + 1 S atomic limit) or, with an extra step of optical preparation, near the lowest singly excited threshold ( 1 S + 3 P 1 ). The long-lived (22 μs) excited atomic state 3 P 1 is responsible for the low lasercooling temperature, efficient molecule creation, accurate state preparation and high spectroscopic resolution that allows photodissociation very close to the threshold. Photodissociation is driven by a 10-20 μs pulse of linearly polarized 689 nm light (intensity 0.3-30 W cm −2 , bandwidth <200 Hz) propagating along the lattice axis. The light frequency is chosen to probe a continuum energy in the range of 0-15 mK because this matches typical electronic and rotational barrier heights. After a controlled delay, the fragments are detected by absorption imaging via the strong 1 S − 1 P 1 Sr transition using 461 nm light propagating almost parallel to the lattice axis, so that the initial sample of >10 4 molecules appears as a point source. This produces a 2D projection of the 3D spherical shell (Newton sphere) formed by the expanding fragments. The experimental geometry is illustrated in Fig. 1 , including the definition of angles θ and φ for a dissociating molecule and an image of the fragments showing clear dependence on both angles. The arrangement of the optical lattice, the photodissociating and imaging light, a camera and a small bias magnetic field B that fixes the quantum axis are also shown. In all subsequent images the colour scheme is identical to that of Fig. 1b apart from the overall normalization and the fields of view are 0.1-0.9 mm on each side.
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Following photodissociation, the angular distribution of fragment positions is described by an intensity (or differential cross-section)
which is the square of a scattering amplitude f that can be expanded in terms of partial amplitudes, θ φ ψ θ φ
Figure 1 | Photodissociation of diatomic molecules in an optical lattice. a, A homonuclear molecule (black circles) producing fragments (green circles) with well-controlled speeds forms a Newton sphere. The distribution of the fragments on the sphere surface is parameterized by a polar angle θ relative to the z axis and an azimuthal angle φ relative to the x axis in the xy plane. The photodissociating (PD) light propagates along +x. b, An experimental image of the fragments corresponds to the Newton sphere projected onto the yz plane. This particular image is one of many we observed that is highly quantum mechanical in nature and distinctly lacks fragments that are emitted along the xz plane. The distribution is thus not cylindrically symmetric about the z axis and depends on φ in addition to θ. a.u., arbitrary units. c, The fragments (green ovals) are detected by absorption imaging using a charge-coupled device (CCD) camera and a wide light beam from an optical fibre. The photodissociating light is coaligned with the lattice axis along x. The imaging light is nearly coaligned with x (a small tilt is present for technical reasons). A magnetic field can be applied along the z axis.
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channel, where J and M are the total angular momentum and its projection onto the quantum axis, respectively. The intensities for separate electronic channels superpose to produce the total intensity I(θ, φ). Cylindrically asymmetric distributions with φ dependence are possible if several M states are coherently created because
. Our measured angular distributions can be summarized with the parameterization is an associated Legendre polynomial and l is restricted to even values for homonuclear diatomic molecules. The β lm coefficients are directly related to the amplitudes f JM , but hide some of the simplicity that is apparent from using the amplitudes with equation (1). Besides their use in photodissociation, fragment angular distributions are powerful observables in photoionization experiments 13 as they provide a route to completely measure the ionization matrix element amplitudes and phases
14
. The internal angular momenta of the fragments may also carry valuable information 15 . To investigate a multichannel electronic continuum at very low dissociation energies, ε, we prepared ultracold molecules in the J i = 0 initial state of the least-bound vibrational level v i = −1 (negative v i count down from threshold) of the ground potential X and photodissociated them at the excited 1 S + 3 P 1 continuum via the electric dipole (E1) process illustrated in Fig. 2a with an applied field B = 0. There are four allowed channels in the excited continuum, which are labelled + 0 u , 1 u , + 0 g and 1 g , where the letters u/g refer to the inversion symmetry of the wave function and the numbers 0/1 refer to the internuclear axis projection of the electronic angular momentum. Only u-symmetric channels are E1-accessible from the ground state. Here, the light polarization sets the quantum axis along z and the fragments can only have J = 1, M = 0 quantum numbers because J ≥ 1 for the + 0 u and 1 u electronic potentials shown in Fig. 2b . As 1 u has an ∼30 MHz (∼1.5 mK) repulsive electronic barrier, we expect the fragment angular distribution to evolve in the probed energy range due to barrier tunnelling. We observe a steep variation of the single anisotropy parameter needed to describe this process, β 20 from equation (2). Two methods were used to measure this data: axial-view imaging processed with the pBasex algorithm 16 and side-view imaging integrated along the lattice and fitted to a density profile. Figure 2c shows that both methods agree and reveals an evolution of the fragment distribution from a parallel dipole (β 20 ≈ 2 at ε/h ≈ 5 MHz where h is Planck's constant) to a uniform shell (β 20 ≈ 0 at ε/h ≈ 12 MHz) and then a perpendicular dipole (β 20 ≈ −1 at ε/h ≈ 50 MHz). A quantum chemistry model 8,9 was used to calculate the expected anisotropy curve in , but this work is the first test of their predictive power in the continuum.
E1-forbidden photodissociation is an important effect in atmospheric physics and must be considered when calculating the total absorption cross section for molecular oxygen within the so-called Herzberg continuum. Surprisingly, however, neither magnetic dipole (M1) nor electric quadrupole (E2) photodissociation has been directly observed previously. In most cases E1 is also present, making it challenging to study the weaker M1/E2 processes. However, experiments with ultracold Sr 2 allow measurements of pure M1/ E2 photodissociation and a comparison with quantum mechanical calculations. Using resonant π pulses we prepare metastable molecules in a J i = 1, M i = 0 state of the least-bound vibrational level of the subradiant 1 g potential that has no E1 coupling to the ground state 12 , as sketched in Fig. 3a . The frequency of the dissociating light was varied as shown in Fig. 3b . Here p = 0 (|p| = 1) implies that the light polarization has a magnetic field parallel (perpendicular) to the quantum axis. The prominent, polarization-independent feature on the left (ε < 0) is E1 photodissociation above the 3 P 1 + 3 P 1 threshold, whereas the weaker, polarization-dependent feature on the right is M1/E2 photodissociation. As the figure shows, the strength of this photodissociation produces photofragments for ε > 0 (right), and as predicted is strongest for p = 0. Solid curves are calculations of the total transition strength using a quantum chemistry model. E1 photodissociation to the 3 P 1 + 3 P 1 continuum also appears for ε < 0 (left). The inset image shows fragments for p = 0 and ε/h ≈ 8 MHz. The strong central dot results from spontaneous E1-forbidden photodissociation of the molecules into low-energy atoms that are captured by the lattice.
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forbidden process tapers off rapidly and is substantial only below ∼1 mK. The inset displays fragments near the peak of the p = 0 spectrum. Although the number of fragments for p = 0 is unaffected by interference between M1 and E2 pathways, our calculations indicate that their angular distributions (Extended Data Fig. 1 ) are sensitive to this rarely observed interference.
We take advantage of the single-channel spinless ground state of 88 Sr 2 to explore chemistry in the ultracold regime, obtain a library of fragment distributions and test a quasiclassical model of photodissociation. We prepare singly excited ( 1 S + 3 P 1 ) molecules with quantum numbers J i , M i and immediately photodissociate them at the 1 S + 1 S ground state continuum, in some cases applying B up to 20 G to enable symmetry-forbidden E1 transitions 18 . To control the final value of J in the continuum (which quantum statistics requires to be even for bosonic ground-state 88 Sr 2 ) we either obtain a unique J by choosing to start from an even J i and taking advantage of selection rules, or, if multiple 'partial waves' with different J are possible and interfere, we choose an ε value at which a single J wave strongly dominates, as discussed below. To control the final values of M we orient the linear polarization of the photodissociating light either parallel (p = 0) to the quantum axis, for which selection rules ensure M = M i , or perpendicular (|p| = 1), for which M = M i ± 1. Thus, we are able to engineer and image different continua in either pure M states or as their coherent quantum interference. Disruption from Zeeman shifts is avoided because the ground continuum is practically nonmagnetic. Figure 4 shows a full range of distributions parameterized by equation (1) with either θ φ θ φ
Here the spherical harmonics Y JM = Ψ JM for the ground continuum, R and δ are the relative amplitude and phase parameters and J = 2 or 4. (At the chosen continuum energies, the p = 0 patterns for J i = 1, 3 would be nearly redundant with J i = 2, 4 and so are omitted.) Quantum mechanical calculations, included for comparison, assume that the continuum states are dominated by the higher J contribution. Figure 4 suggests the following observations. First, the coherent superposition of a pair of M, which occurs for |p| = 1 but not p = 0, leads to clean observations of distributions without LETTER RESEARCH cylindrical symmetry, previously unreported for diatomic molecules. In particular, multiple cases are shown of a molecule fragmenting into up to eight distinct (θ, φ) regions. Second, the same final states (J = 4, M = ±1) are produced for |p| = 1, M i = 0 and J i = 4, 3 at the chosen continuum energies. Thus we could expect to observe identical fragment patterns. However, a subtle point is that odd J i and even J i produce M = M i ± 1 probability amplitudes with an opposite relative phase. This results in identical φ-dependent patterns rotated by 90° relative to each other. The same mapping of the relative phase onto the rotation angle occurs for |p| = 1, M i = 0 and J i = 2, 1. Third, the previous point roughly holds for the higher values of M i as well, but nonidentical populations of M = M i ± 1 are produced due to asymmetrical coupling strengths. For example, the matter-wave interference patterns for (J i , M i ) = (4, 2) and (3, 2) are not only rotated relative to each other, but have slightly different shapes.
Over the past few decades a quasiclassical model has been advanced to predict the angular distributions for single-photon E1 photo dissociation of diatomic molecules prepared in arbitrary quantum states 6, 7, 19 . This approach multiplies the conventional distribution 4,5 for molecules prepared in spherically symmetric states or ensembles, θ β χ
, by a probability density |Φ i | 2 for the initial molecular axis orientation, which gives Fig. 3 ) disagrees with the quasiclassical model in all cases where more than a single J is possible in the continuum. This is because only the single-J cases allow the quasiclassical assumption of prompt axial recoil to be satisfied at such low continuum energies. Furthermore, our experiments demonstrate that initial molecules with different shapes (for example, + 0 u versus 1 u ) can produce nearly identical distributions, highlighting that the fragment distributions are solely determined by the final (continuum) states.
Ultracold photodissociation readily reveals features of the continuum just above the threshold. The ability to freely explore a large range of continuum energies, together with strict optical selection rules and cleanly prepared quantum states, provides a versatile tool to isolate and study individual reaction channels. Whereas . Figure 5a is a plot of the branching ratio R and the interference amplitude δ − ( ) R R 2cos 1 for the 0-15 mK range of continuum energies. The data show a good qualitative agreement with quantum chemistry calculations, and reveal a predicted but so far unobserved g-wave shape resonance (or quasibound state) confined by the J = 4 centrifugal barrier. This long-lived (∼10 ns) resonance ∼66 MHz above threshold could be used to control light-assisted molecule formation rates 21 . Shape resonances can also be mapped with magnetic Feshbach dissociation of ground-state molecules [22] [23] [24] . However, photodissociation is more widely applicable to molecules with any type of spin structure in any electronic state, and allows more control over the quantum numbers. In Fig. 5b an anisotropic, energy-independent pattern is visible on all images with a radius close to that of the 62 MHz image. We have confirmed that this signal arises from spontaneous photodissociation of the molecules into the g-wave shape resonance (Extended Data Fig. 4 ). This work explores light-induced molecular fragmentation in the fully quantum regime. Quasiclassical descriptions are not applicable and our observations are dominated by coherent superpositions of matter waves originating from monoenergetic continuum states with different quantum numbers. The results agree with a state-of-the-art quantum chemistry model 8, 9 , but challenge the theory to describe more complicated phenomena. For example, preliminary observations of photodissociation to the doubly excited continuum (as in Fig. 3b ) indicate rich structure near the threshold. This continuum is not well understood, while interactions near the 3 P 1 + 3 P 1 threshold play a key role in recent proposals and experiments in ultracold many-body science 25 . Other excited continua with even longer lifetimes (for example, the subradiant 1 g and + 0 g manifolds) exist for Sr 2 and similar molecules and should enable the exploration of entangled continuum states. Photodissociation can shed light on the ultracold chemistry of a rich array of molecular states, as well as on new reaction mechanisms-as was shown here with M1/E2 photodissociation. With improved control of the imaging and of the optical lattice effects, experiments can get even closer to the threshold. We expect to reach nanokelvin fragment energies in the lattice, leading to high-precision measurements of binding energies for tests of fundamental physics and molecular quantum electrodynamics 26, 27 . Ultralow fragment energies can also aid in the creation of novel ultracold atomic gases 28 . A promising future direction would be to enhance the quantum control achieved state are photodissociated at the ground continuum. For p = 0, selection rules lead to a single M = 0 but a mixture of J = 2, 4. The branching ratio and interference amplitude of this mixture, as described in the text, evolve with energy and reveal a J = 4 (g-wave) shape resonance at ∼3 mK. The experimental data were analysed with pBasex and errors were estimated by varying the effective saturation intensity, used to process the absorption images, within its uncertainty. The theoretical curves were calculated with a quantum chemistry model. b, Images of fragments labelled by their continuum energies ε/h in MHz that show the evolution with energy. The faint anisotropic, energy-independent pattern with roughly the same radius as the 62 MHz image is from spontaneous decay into the shape resonance.
here by manipulating the final continuum states with external fields 29, 30 . We have shown the extreme sensitivity of weakly bound molecules to small magnetic fields 18 , and the same principle applies just above threshold. This external control over ultracold chemistry should allow the study and manipulation of new reaction pathways.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. Supplementary Information is available in the online version of the paper. . Any remaining atoms were removed with a pulse of imaging light. The molecular sample trapped in the lattice is about 20 μm in diameter and 200 μm long. To prepare metastable 1 g (v i = −1, J i = 1) excited states (binding energy 19 MHz, lifetime ∼5 ms), we used a lattice wavelength of ∼910 nm to enable resonant 689 nm π pulses to transfer the population from X(v = −1, J = 0) to this state before photodissociation 12 . For our experimental conditions, this transfer was ∼40% efficient. To prepare shorter-lived + 0 u or 1 u excited states, we used a 689 nm light pulse to drive a resonant bound-bound transition from either the J = 0 or 2 ground state to the desired state during photodissociation. In both cases, we used the polarization of this light and excited-state Zeeman shifts The photodissociating light propagates along the tight-confinement x axis of the optical lattice (Gaussian waist ∼40 μm), and is linearly polarized along either the y axis or the z axis. Except for Fig. 2 , for which the net magnetic field is nearly zero, a field of a few to a few tens of gauss is applied along the z axis to fix a quantization axis for excited bound states. The ground bound and continuum states are insensitive to this field, so to avoid mixed-quantization effects from tensor light shifts 18 the optical lattice was linearly polarized along the z axis. We confirmed that our results are unaffected by the small lattice trap depth (typically 0.6-0.8 MHz). A full description of the laboratory-frame spherical tensor components of the fields driving the photodissociation transitions is available in the Supplementary Information.
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METHODS
After the photodissociating light pulse, the fragments were allowed to expand kinetically for several hundred microseconds before their positions were recorded with standard absorption imaging 33 . This expansion time is needed to mitigate blurring due to the finite pulse width and limited imaging resolution, but has the cost of diluting the signal over a larger area, which makes imaging artefacts more problematic. Therefore, we adjusted this expansion time as needed to optimize the signal-to-noise ratio and angular resolution.
Most absorption images were taken with imaging light aligned nearly along the x axis, projecting the fragment positions into the yz plane. Several hundred absorption images were averaged to produce a final record of the fragment positions. To remove imaging artefacts and incidental absorption from unwanted atoms, the experimental sequence was alternated so that every other image contained none of the desired fragments, but everything else. The final image was then computed as the averaged difference between these interlaced 'with fragment' and 'without fragment' images. For Fig. 2 insets and side-view data, we also used an optical pulse to deplete the ground-state population with J = 2 before photodissociating the J i = 0 states. Forbidden photodissociation angular distributions. A comparison of experimental images of fragment distributions and calculations for the M1/E2 photodissociation of Fig. 3 is presented in Extended Data Fig. 1 . Note that a large light intensity was required to drive the forbidden photodissociation process sufficiently rapidly to observe these angular distributions. Besides power broadening the line shapes in Fig. 3b , this high intensity may have affected the measured fragment distributions in Extended Data Fig. 1 . Quasiclassical model. In the photodissociation literature there is a well-known quasiclassical model describing the angular distribution of fragments produced by the photodissociation of aligned molecules where the angles are defined in the main text. For homonuclear diatomic molecules in the Born-Oppenheimer approximation, the probability density for the internuclear axis orientation of an initial state with quantum numbers J i , M i and |Ω i | is given by Wigner-D functions as
where Ω is the internuclear projection of the electronic angular momentum. We observe disagreement with the quasiclassical model in the majority of cases. At first glance this is surprising because, theoretically, the quasiclassical model has been shown to be either equivalent or a good approximation to the quantum mechanical result for most cases of one-photon E1 photodissociation of a diatomic molecule with prompt axial recoil 19 . However, our measurements are performed at very low continuum energies to reach the ultracold chemistry regime, and thus may violate the assumption of axial recoil 5 . Additionally, ref. 19 predicted that the quasiclassical model should fail for the special case of 'perpendicular' transitions (|ΔΩ| = 1) with initial states that are a superposition of Ω i states differing by ±2. This special case includes our measurements of 1 u initial states in Fig. 4 , and our observations support this prediction.
Extended Data Fig. 2 compares the quasiclassical model with both quantum mechanical predictions and experimental images for several cases. For each, the construction of the quasiclassical prediction is outlined. As in Fig. 4 , we use coloured dots to indicate the level of agreement between the two predictions. To determine this agreement, the quasiclassical model neglected the nonadiabatic Coriolis mixing of |Ω i | (ref. 32) . There is also some ambiguity in choosing a value of β 20 to use with the quasiclassical model. Conventionally, β 20 should be equal to 2 for parallel transitions with ΔΩ = 0 and to −1 for perpendicular transitions with |ΔΩ| = 1. In cases of persistent disagreement, we varied β 20 as a free parameter within the physically allowed range of [−2, 1]. Such a variation has been considered previously as an effect of the breakdown of the axial-recoil approximation 34 . We do observe three cases of exact agreement (indicated by green dots in Extended Data Fig. 3) , two of which are highlighted in Extended Data Fig. 2 . The reason the quasiclassical model gives exact results is that selection rules only allow a single J in these cases, making the axial-recoil approximation no longer necessary. Specifically, these cases correspond to to the ground continuum. As we selectively populate individual M i sublevels, the measured distributions are anisotropic. They are well described by the incoherent superposition
Here, J is restricted to 4 because the strongest decay is to the J = 4 shape resonance in the ground continuum. If all M i were equally populated, which would add a sum over M i to equation (5), then the distribution would be isotropic. The shape resonance aids the measurement of the angular distributions because it favours a narrow range of continuum energies. Extended Data Figure 4b contains the results of pBasex analysis of the inset image and highlights how the radial distribution of the atomic fragments is clustered around 66 MHz, revealing an ∼10 ns shape resonance lifetime. Extended Data Figure 4c shows that the angular distribution from this analysis matches expectations from equation (5). Absorption images in figures. Supplementary Tables 1-3 list the parameters used to generate the theoretical images shown in Fig. 4 and Extended Data Figs 1-3. To display theoretical results as simulated absorption images, the intensities are projected into the yz plane by integrating over the x direction. To approximate the blurring present in experimental images from limited optical resolution and light pulse durations, the image is convolved with a Gaussian distribution
where R 0 is the mean radius, σ is the standard deviation, θ = cos The same colouring scheme (Matlab colourmap jet) is used in all experimental and theoretical absorption images, up to differences between CMYK and RGB colour mode presentation. Each image was linearly rescaled to fit the finite range [0, 1] of this scheme. To ensure that the same colour corresponds to zero absorption in all images, despite the presence of noise and imaging artefacts, the experimental images are scaled to have an average value of 0.25 in zero-absorption regions and a maximum value of 1. Likewise, the theoretical images are scaled to have LETTER RESEARCH a minimum value of 0.25 but a maximum value of 0.85 instead of 1, to be more visually similar to experimental images.
The field of view differs between experimental images because of cropping for presentation, and falls in the range of 0.1-0.9 mm on each side. For a given image, the field of view may be accurately determined by calculating the maximum diameter D of the photodissociation products as τ ε = ( − )/ D C U h. Here, the kinetic expansion time τ was 0.3 ms for Fig. 1 1 2 and the lattice depth U must be included as a small offset 17, 35 . For Fig. 1b , for example, this gives D = 0.34 mm. For theoretical images, D was set to 80% of the image width. Extracting angular distribution parameters. For angular distributions that are cylindrically symmetric (depend only on θ), the polar basis set expansion (pBasex) algorithm 16 can extract the 3D distribution from 2D projections such as absorption images by fitting the data with the Abel transform of a weighted sum of the Legendre polynomials. We used the software implementation of the pBasex algorithm in ref. 36 to analyse the images in Figs 2 and 5 and Extended Data Fig. 4 . For low signal-to-noise images, we found that the extracted distribution is artificially skewed towards spherical symmetry 35 . To eliminate this systematic error, we performed pBasex inversion on a background image made from the set of without-fragment images that is processed to remove imaging artefacts and rescaled so that the average value equals that of the background regions in the final image. The final distribution is then the difference between those extracted for the original image and for the background image. The parameters β 20 of Fig. 2 and R and δ of Fig. 5 were determined from least-squares fitting of the number of fragments versus θ in the final distribution.
In some cases, such as with the ε/h = 32 MHz inset of Fig. 5b , experimental issues may lead to images with deviations from the expected cylindrical symmetry. This may occur, for example, from imperfect control of the photodissociating light polarization, which may introduce a 'skewness' in the distribution. Apparent deviations from perfect cylindrical symmetry may also have occurred because of absorption imaging error induced by imperfectly correcting for the atomic saturation, which is especially important when the imaging beam exhibits substantial variations across its spatial profile (as was the case for our experiment). In such cases, we proceeded with pBasex analysis but included an estimate of the resulting bias when determining error bars.
For Fig. 2 , further analysis was performed by integrating 2D projections along y to convert the images to 1D curves along z. This allows parameters such as β 20 to be directly extracted by fitting the 1D curve with the expected angular distribution, similar to Extended Data Fig. 4c . Although this analysis can be performed with the axial-view images, for Fig. 2 we did this through separate experiments with images taken along the y axis, which had the benefits of a reduced optical depth and a smoother intensity profile of the imaging beam. These side-view images are 2D projections of the photofragment position onto the xz plane, and are complicated by the distribution of occupied sites in the optical lattice. Calculation and parameterization of angular distributions. Supplementary Information details the calculation and parameterization of photodissociation angular distributions used in this work. Supplementary Tables 1-3 list the parameters for all of the theoretical images as well as experimental continuum energies.
